The understanding of the genetic structure of a species can be improved by considering together data from different types of genetic markers. In the past, a number of worldwide populations of Drosophila melanogaster have been extensively studied for several such markers, including allozymes, chromosomal inversions, and quantitative characters. Here we present results from a study of restriction-fragmentlength polymorphisms of mitochondrial DNA ( 
Introduction
The organization of genetic variation in natural populations is a result of all the ecological and evolutionary factors (e.g., migration, mutation, natural selection, drift, mating systems, geographical isolation, etc.) acting on a species. It is clear that the attainment of a realistic picture of that organization is essential in the study of the relative importance of those forces in evolutionary genetics. What is often not clear, however, is how best to obtain that picture.
Although the study of electrophoretic variants of nuclear enzyme-coding loci is clearly the most versatile means by which to examine genetic variation in natural populations, its usefulness is limited. Genetic homogenization of populations via dispersal of individuals and the highly recombinant nature of the nuclear genome make reconstruction of historical relationships within a species difficult (Avise et al. 1979) .
Several studies of various animal taxa have shown that restriction-enzyme analysis of mitochondrial DNA (mtDNA) is a very sensitive way to detect population structure (Avise et al. 1979; Brown and Simpson 1981; Avise et al. 1983; DeSalle et al. 1986a, 19863; Cann et al. 1987) . mtDNA is maternally inherited and nonrecombinant (Reilley and Thomas 1980; Brown 1983; Lansman et al. 1983 ) and thereby allows the genetic relationships among individuals to be evaluated (Lansman et al. 198 1) . Its haploid mtDNA Variation in D. melanogaster 623 copy number and maternal transmission make mtDNA less susceptible to interpopulation genetic homogenization via gene flow and more susceptible to population bottlenecks (Birky et al. 1983; Wilson et al. 1985) . A result of all these features is that mtDNA studies have been able to answer many of the questions that allozyme studies alone cannot. For instance, mtDNA analysis revealed North American populations of Peromyscus maniculatus to be structured into distinct populations, whereas allozymes showed no such subdivisions (Avise et al. 1979) . Also, populations of Limulus polyphemus along the east coast of North America were shown to be sharply divided into a northern and a southern assemblage, a result that was not shown by allozymes (Saunders et al. 1986 ).
Because it is amenable to study by means of several different genetic methods, genetic variation in natural populations of Drosophila melanogaster has been intensely studied, particularly for allozymes (Oakeshott et al. 1982; Singh and Rhomberg, accepted [and references therein] ). Despite the specie's high migratory capacity (Coyne et al. 1982; Singh and Rhomberg 1987) , populations of D. melanogaster are highly structured genetically. Although many enzyme loci with high heterozygosity show homogeneous patterns among widely separated geographic localities, others show strong differentiation among the same localities. These differentiated loci tend to show geographic clines along latitudinal transects (Girard et al. 1977; Voelker et al. 1977; David 1982; Oakeshott et al. 1982; Singh et al. 1982) . These clines are repeated, suggesting that selection by some changing environmental variable is shaping these distributions (Singh et al. 1982) , although other reasons (e.g., historical) for the repeated clines cannot be dismissed at this time.
We have undertaken an extensive survey of mtDNA restriction polymorphism in many of the same D. melanogaster populations that were studied for allozymes, to learn whether the increased sensitivity of mtDNA to population subdivision can add information to such questions as species history and the pattern and maintenance of population structure. For instance, if the allozyme clines are largely historical, then mtDNA variants should show a similar distribution. Limited surveys have been done by Shah and Langley ( 1979) and Reilley and Thomas ( 1980) . The present study includes 92 isofemale lines from 18 geographic populations originating from various regions of the world. The results show that mtDNA variants are locally differentiated, with interpopulational differences often being quite sharp.
Material and Methods

Drosophila Stocks
Ninety-two isofemale lines of Drosophila melanogaster obtained from various geographic regions throughout the world were analyzed individually ( . Because we are interested in regional rather than local patterns, the abbreviation for each population is based on the regional level. These lines have been in the laboratory for 4-5 years maintained at 18 C on standard cornmeal medium. Preparation and Restriction-Endonuclease Digestion of mtDNA mtDNA was purified from individual isofemale lines by using the protocols of Lansman et al. ( 198 l) , with modifications as described by Hale and Beckenbach ( 1985) . In brief, a mitochondrially enriched pellet was obtained from homogenized tissue by means of differential centrifugation and mtDNA was purified by means of CsCl isopycnic centrifugation.
mtDNA was digested with the following 10 restriction enzymes: AvaII (G/GWCC), BglII (A/GATCT), ClaI (AT/CGAT), EcoRI (G/AATTC), Hue111 (GG/CC), Hind111 (A/AGCTT), HpaII (C/CGG), Mb01 (/GATC), TaqI (T/CGA), and XbaI (T/CTAGA). mtDNA restriction fragments were radioactively end-labeled with Klenow enzyme and the appropriate 32P-dNTP (0.5 units Klenow, 2 pCi 32P-dNTP; 20 min; 13 pl total vol). Labeled DNA was electrophoresed on 0.5%2.0% horizontal agarose slab gels. Gels were vacuum-dried onto Whatman 3MM paper and visualized by means of autoradiography. HpaII-cut pBR322 DNA and HindIII-cut lambda DNA were used as size standards.
Restriction Variants and Their Designation
The different restriction patterns of a given enzyme are designated by uppercase letters (e.g., Ava-A, Ava-B, etc.). The number of varied restriction sites required to account for the patterns of each enzyme, as well as the state of each site in each pattern, were determined. Varied restriction sites are assigned a lowercase letter designation (e.g., Ava-a, Ava-b, etc.). The "haplotype" of an isofemale line considers all enzymes together and is denoted by a string of letters, each letter corresponding to the pattern for a given enzyme.
The restriction-site (presence/absence) data (table 2) were used to generate ( 1) a minimum-path network of restriction-pattern changes for each enzyme ( fig. 1 ) and (2), on the basis of the Wagner parsimony algorithm (Kluge and Farris 1969) , which minimizes the total number of changes between taxonomic units, an unrooted phylogenetic network of the haplotypes. (fig. 2 ). This was done on the MIX program of the PHYLIP package (version 2.7) provided by Dr. J. Felsenstein. These same data were used to calculate indices of nucleotide diversity (Q) between haplotypes (Nei and Tajima 198 1). Nucleotide-diversity analyses were done using equations (l-5) of Nei (1982) .
Results
Restriction Variants and Their Distribution
To determine which enzymes would be useful for studying mtDNA variation, we used all 10 enzymes to conduct a preliminary survey using single isofemale lines from each locality. Four of these enzymes (AvaII, HaeIII, TaqI, and MboI) revealed mtDNA sequence polymorphism; the other six (EcoRI, HindIII, HpaII, CZaI, XbaI, and BglII) did not do so and therefore were eliminated from further consideration. For each of the polymorphism-revealing enzymes, the number of restriction fragments observed and the corresponding number of restriction sites are shown in table 3, and the inferred minimum mutational pathways between restriction variants are shown in figure 1.
As seen in table 3, the enzymes TaqI and Mb01 show a large number of restriction variants and are therefore very valuable for population studies (Brown 1980 Missing so many fragments can lead to ambiguities as to whether some restriction variants are due either to ( 1) restriction-site changes leading to a gain/loss of a fragment outside the resolution of the gel or (2) addition/deletion of DNA into the molecule. Careful examination of digests of the other enzymes can resolve these ambiguities; in cases in which an uncertainty is restricted to the digest for only one enzyme, a restriction-site change was inferred. World (42 of 55 lines). Taq-A and its derivatives ( fig. 1) are predominant in the Old World (43 of 55 lines) whereas Taq-B and its derivatives are predominant in the New World (32 of 37 lines).
Within each hemisphere, however, there are localities that do not conform to this simple demarcation. In the New World all three British-Columbia lines have HaeIII patterns (and TaqI patterns, when it is considered that Taq-C is a derivative of Taq-A) that are characteristic of the Old World, whereas in the Old World all four Japanese lines show the Hae-B and Taq-B patterns, which are more common in the New World.
Distribution of Haplotypes
A total of 24 haplotypes were observed among the 92 isofemale lines surveyed, and from this a total of 29 varied restriction sites was inferred (table 2) .
The frequency distribution of haplotypes among populations (table 4) is similar to that seen for individual restriction enzymes; there are a small number of common haplotypes (haplotypes l-5), whereas most are unique to single populations. The differentiation of the Old and New Worlds observed in the distribution of HaeIII and TaqI patterns is also apparent in the distribution of the haplotypes. Of the five common haplotypes, haplotype 2 is most common in the New World. As would be expected, haplotype 2 carries both the Hae-B and Taq-B patterns, which were common in the New World. Another striking difference is the lower diversity of the populations from the New World. We found twice as many haplotypes per line for the Old World (20 haplotypes in 55 lines) as for the New World (eight haplotypes in 37 lines).
There is further population differentiation at the continental level. For instance, the samples from France and England share no haplotypes. In fact, two haplotypes (haplotypes 12 and 13) have attained high frequency in France without appearing in England. In the Texas population there was a high-frequency haplotype (haplotype 22) that was not found in other North-American populations. Table 5 shows the results of nucleotidediversity analysis, which employs equations (l-5) of Nei (1982) . The proportion of nucleotide diversity due to interpopulational differences (G,) is quite high (>50%), both in the New and Old Worlds separately and worldwide. Also, when populations of the New and Old Worlds are grouped together, a GSt value of 22% results, thereby reinforcing the observation of significant differentiation between the two hemispheres.
An interesting difference is found between the lines from Korea and from Japan, which show different high-frequency mtDNA haplotypes. The Japan population is monographic for haplotype 2, which is characteristic of the North-American populations. Although this haplotype is found in Korea at low frequency, it would seem, if Japan had been colonized from the mainland of Asia, that it should show stronger similarity to other populations from the Old World. Figure 3 shows the Wagner parsimony tree for the 24 haplotypes. This and another tree were generated in approximately equal numbers in 20 runs of the MIX program that used data input in different orders. The other tree (not shown) generated by the computer differed from the one shown in figure 2 in that haplotype 2-and those deriving from it (haplotypes 22-24)-attach to haplotype 1 rather than to haplotype 4. In the tree shown, if it is assumed that haplotype 3 is ancestral, the site Hae-a is lost four times. In the other tree Hae-a is lost only three times, but a parallel gain of 
Phylogenetic Relationships
' Haplotype designations correspond to the patterns for AvuII, Z-ZueIII, TuqI and MboI, in that order. the Taq-a site also needs to be invoked. Since parallel loss of a site is more likely to occur than parallel gain (Templeton 1983), we have opted for the tree that requires no gains.
Of the 24 haplotypes observed in the present study, four (haplotypes l-4) are both widespread in distribution and composed exclusively of the major patterns of each enzyme. This finding suggests that they are of the oldest extant haplotypes and are ancestral to the others. The parsimony analysis ( fig. 3) shows that most of the haplotypes derive from haplotype 3, the rest from haplotype 4. The distributions of these four haplotypes differ significantly, with only haplotype 4 having a broad dis-
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ARGgi- tribution in both the New and Old Worlds; haplotypes 1 and 3 occur only in the Old World, whereas haplotype 2 is virtually exclusive to the New World.
Most of the haplotypes fall into one of four identifiable geographic groupings (assemblages). We have designated these groupings by the region in which they occur. Since some populations (e.g., Japan, Korea, Taiwan, and Vietnam) do not harbor any unique haplotypes, not all populations are included in these assemblages.
The Western-Hemisphere assemblage consists of three unique haplotypes (haplotypes 22-24) and one common haplotype (haplotype 2). All are distinguished by the loss of the Hae-a site. However, not all New-World lines fall into this assemblage, for the common haplotype (haplotype 4) and the two haplotypes from British Columbia (haplotypes 10 and 11) are not included.
The Southeast-Asian assemblage (India and Vietnam) consists of three unique haplotypes (haplotypes 6, 20, and 2 1) and one nonunique haplotype (haplotype 5). All are distinguished by the loss of the Taq-d site. Although haplotype 5 appears to be widespread (since it is observed in Ottawa and Texas), it seems appropriate to classify it as indigenous to Southeast Asia, since it is found at high frequency in both India and Vietnam. The presence of haplotype 5 in North America could be explained in terms of either introduction from Southeast Asia or parallel loss of the Taq-d site.
The western European assemblage (France and England) consists of five unique haplotypes (haplotypes 7, 8, and 12-14) and one nonunique haplotype (haplotype 11). All except haplotype 14 are distinguished by the loss of the Mbo-a site and the gain of the Mbo-b site. Haplotype 14 is placed with this group because, like the others in the assemblage, it derived directly from the ancestral haplotype 3. Like the SoutheastAsian assemblage, some members of the Western-European assemblage are found in distant geographic localities. Haplotype 11 is found in British Columbia and haplotype 7, which is derived from haplotype 11 via the gain of the Mbo-e site, is found in Australia.
The African assemblage (western and central Africa) is arbitrary but permitted by the parsimony analysis. Since all African haplotypes derive directly from haplotype 3, they can be placed together on this tree; but they do not harbor a common distinguishing site variant. The only site change shared by more than one haplotype is the loss of the Mbo-d site in haplotypes 16 and 17.
There is one other "grouping" that needs to be mentioned; it consists of haplotypes from England (haplotype 9), British Columbia (haplotype lo), and central Africa (haplotype 18). All of these haplotypes are characterized by a divergent TaqI pattern that requires changes at at least three restriction sites to connect it to any other TaqI pattern. It is not clear whether these haplotypes are of recent introduction or are relic types from past colonizations.
Size Variation mtDNA in Drosophila melanogaster is highly variable in size. Several different size variants were observed in each multiply occurring haplotype and in each population. All size variants map to the A+T-rich region of the mtDNA molecule and have a size range of 18. l-19.9 kbp. A full description of size variation in these same isofemale lines is presented elsewhere (Hale and Singh 1986) . Although the data on size variation do not give much information regarding phylogeny, it is of interest that the unique haplotypes have more than one size variant, since this fact argues that the observed high frequencies of some of these haplotypes are not an artifact of sampling of sibs in local populations. 
Discussion
The commensal occurrence of Drosophila melanogaster has led to a longstanding assumption that man-mediated transport of flies is extensive and that this high rate of migration would lead to worldwide panmixia, thereby counteracting any genetic effects of local adaptation. Direct evidence (Coyne et al. 1982) as well as indirect evidence (Kreitman 1983; Singh and Rhomberg 1987) shows that D. melanogaster can indeed be classified as a "high-migration" species. Studies of allozymes yield estimates of gene flow between geographically distant populations of l-2.5 (Singh and Rhomberg 1987, and accepted) , gene flows that are theoretically sufficient to homogenize populations for nuclear genes in the absence of selection.
Despite the high level of implied gene flow, it is apparent that populations of D. melanogaster are not genetically panmictic but are significantly differentiated for several genetic systems, such as chromosomal inversions, allozymes, and quantitative traits (for a review, see Lemeunier et al. 1986 ). In each of these cases, the variants of several characters (or loci) show latitudinal clines. Studies on allozymes (Girard et al. 1977; Voelker et al. 1977; David 1982; Oakeshott et al. 1982; Singh et al. 1982 ) and chromosomal inversions (Mettler et al. 1977; Watanabe and Watanabe 1977; Knibb et al. 198 1; Knibb 1982) show that frequencies of discrete variants change similarly along temperate/tropical transects on different continents in different hemispheres. Also, there is a strong tendency toward clinal patterns in heterozygosity; temperate populations show lower heterozygosity than do tropical populations (Singh and Rhomberg, accepted) .
The data in the present paper indicate clearly that geographic populations of D. melanogaster are differentiated for mtDNA variants. That the Gst (=0.5-0.6) is substantially larger than the equivalent statistic for allozymes (Fst = 0.15-0.2; Singh and Rhomberg, accepted) is to be expected, since the effective gene number for mtDNA is one-fourth that of nuclear genes, leaving mtDNA less sensitive to gene flow (Nei and Li 1979; Birky et al. 1983) . However, the distribution of mtDNA variants differs from that seen for allozymes and chromosomal variants in two important respects. First, most of the mtDNA haplotypes occur in single populations, with many of these at high frequency locally. As a result, some populations are largely composed of unique haplotypes. By contrast, unique allozyme variants are rare and occur at low frequency (< lo%), with most interpopulational differentiation being due to differing frequencies of variants found in every population (Singh and Rhomberg 1987) . Second, mtDNA variants do not show the gradual change with latitudinal variation demonstrated by allozymes and chromosomes. mtDNA change can be abrupt, and the occurrence of shared haplotypes between populations is largely independent of geographic distance.
Despite the clear tendency toward local differentiation, the migratory nature of D. melanogaster is evident for mtDNA as well. High migration can be inferred by the occurrence of low-frequency haplotypes in widely separated localities (although independent origin of these haplotypes in each locality cannot be discounted). However, the geographical coincidence of mutationally related haplotypes suggests that migration is more extensive over shorter distances. A high level of local dispersal relative to longdistance dispersal has been previously hypothesized for D. melanogaster on the basis of an analysis of rare allozyme variants (Singh and Rhomberg 1987) . Taken together, these features suggest that the population structure of mtDNA in geographic populations in D. melanogaster is generally consistent with an island model in that both long-and short-distance migration is evident, albeit unequally and at levels that do not result in panmixia. 634 Hale and Singh An important element in interpreting population genetic structure is a knowledge of the species history. Unfortunately, historical information is often not available for a given species, particularly at the genetic level, where dispersal and gene flow can obscure historical patterns. It has been shown that mtDNA analyses can help to provide insights into a species' history. For instance, Bermingham and Avise ( 1986) were able to demonstrate that patterns of mtDNA differentiation in four freshwater fish species of the southeastern United States strongly reflected species distribution limits as determined by zoogeographical surveys of several species in that region. DeSalle et al. (1986a DeSalle et al. ( , 1986b have shown that D. silvestris, a species that is endemic to the island of Hawaii and that has a strong east/west differentiation for mtDNA, originated in a locality on the west side of the island and has had some hybridization contact with a related species, D. heteroneura. Ferris et al. ( 1983) were able to describe a comprehensive history of Mus domesticus, including the fact that introduction of this species into the New World was from western Europe.
The large body of data available for D. melanogaster indicates that this species originated in the Afrotropical region (Tsacas and Lachaise 1974) . Two observations in the present study appear to support this view. First, the lines sampled from Africa are very diverse, with eight haplotypes among the 11 lines sampled from both western and central Africa. This diversity indicates that the population is quite old. The only other set of geographically close populations to approach this degree of diversity is that comprising the populations of England and France, populations that together show seven haplotypes among 13 lines sampled. Second, three of the four ancestral haplotypes (haplotypes 1, 3, and 4) are found in western Africa. Together, these observations are consistent with a polymorphic ancestral population in Africa, which has since given rise to many local haplotypes.
The geographical clustering of variants seen in figure 3 suggests that colonization of nonancestral (i.e., non-African) localities occurred via bottlenecks, relatively long ago (Nei 1985; Takahata and Nei 1985) . For instance, haplotype 2 and its derivatives (haplotypes 22-24) make up most of the haplotypes observed in the New World (29 or 37 lines) yet were virtually absent from lines sampled from the Old World. Possibly, haplotype 2 arose from haplotype 4 after a single introduction into North America, where it has since become the predominant type and given rise to its derivatives. Singh et al. ( 1982) also suggested that colonization of the New World occurred via a single introduction of flies, when they found that Old-World populations of D. melanogaster show a high-frequency allele of 6-phosphoglucose dehydrogenase that is almost absent in New-World populations, a finding that would not be expected if migration were the primary determinant of population structure.
In the present study, the bottleneck origin of New-World populations is largely inferred from the absence of haplotype 2 in the Old World. However, it is possible that haplotype 2 is present in parts of the Old World but was simply not observed in this sampling. If this is the case, then it would be more likely that the mitochondrial genetic composition of New-World populations is the result of multiple transcontinental introductions.
There are some cases that seem to pose special questions. First, the Japanese population harbors only haplotype 2, which is characteristic of the New World. We are currently exploring three explanations for this observation: that haplotype 2 (1) is common in the Old World but was not observed, (2) has been independently derived from another ancestral haplotype in Japan, or (3) has been recently introduced to Japan from the New World. Second, there is the matter of the outgroup of three haplotypes (haplotypes 9, 10, and 18) that are characterized by very divergent TaqI patterns. No intermediates were found, and the three haplotypes are not localized but rather are found in geographically diverse localities. It is not certain whether, like the other uncommon hap lotypes, these are derived from haplotype 3 (fig. 3) or are relic types that were present in the colonizing stocks and have survived in these lines only.
Finally, none of the three lines sampled from British Columbia show the "NewWorld" haplotypes. Although this may be a consequence of the small sample size, it may be indicative of a population history that is quite different from that of other New-World populations.
The present study demonstrates that populations of D. melanogaster are locally differentiated for mtDNA variants, whereas allozymes and chromosomal variants show clinal distributions. The data indicate a species history of colonization of new localities via bottlenecks with subsequent divergence of new local haplotypes. A more detailed picture should come with improvement of the range of restriction-fragment resolution, an increase in sample size, and physical mapping of the varied mtDNA restriction sites.
